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RESUM 
En aquest treball s’estudia l’eficiència espectral de sistemes òptics de transmissió 
amb detecció directa (DD) i amb modulació per divisió de freqüència ortogonal 
(OFDM) en el context de xarxes òptiques passives (PON). La influència del factor de 
caiguda dels filtres conformadors i de la banda espectral de guarda requerida han estat 
estudiats mitjançant simulacions numèriques, mostrant que la relació portadora a senyal 
(CSPR) juga un paper molt significatiu en la qualitat del sistema. S’ha proposat un 
receptor superheterodí amb el qual per a una modulació QPSK amb una taxa d’error de 
bit (BER) de 10
-3
 s’ha vist una millora de 10.8dB en sensibilitat i un 25 % en eficiència 
espectral cas de fer servir valors optimitzats de CSPR comparant amb l’ús de CSPR 
unitària, que és el valor estàndard. Això es deu al fet de que valors grans de CSPR 
redueixen el nivell dels productes del batut senyal a senyal a la banda de guarda 
respecte als nivells de senyal útil. S’ha avaluat també un sistema heterodí remot 
mostrant que la banda de guarda pot ser completament eliminada fent servir un valor 
optimitzat de CSPR amb una penalització en sensibilitat de 9 dB comparat amb el valor 
CSPR unitat. 
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RESUMEN 
En este trabajo se estudia la eficiencia espectral de sistemas ópticos de 
transmisión con detección directa (DD) y con modulación por división de frecuencia 
ortogonal (OFDM), en el contexto de redes ópticas pasivas (PON). La influencia del 
factor de caída de los filtros conformadores y de la banda espectral de guarda requerida 
se ha estudiado a través de simulaciones numéricas, mostrando que la relación de 
portadora a señal (CSPR) juega un papel muy significativo en la calidad del sistema. Se 
ha propuesto un receptor heterodino con el que para una modulación QPSK con una 
tasa de bit de 10 Gbps y una calidad umbral en términos de tasa de error de bit (BER) de 
10-3 se ha visto una mejora de 10.8 dB en sensibilidad y un 25% en eficiencia espectral 
usando valores optimizados de CSPR en comparación con el uso del valor unitario de 
CSPR que es estándar. Esto se debe al hecho de que valores grandes de CSPR reducen 
el nivel de los productos del batido señal a señal en la banda de guarda con respecto a 
los niveles de señal útil. Se ha evaluado también un sistema heterodino remoto 
mostrando que la banda de guarda puede ser eliminada completamente si se usa un valor 
optimizado de CSPR, con una penalización en sensibilidad de 9 dB en comparación con 
CSPR unidad. 
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ABSTRACT 
Spectral efficiency of direct detection (DD) orthogonal frequency division 
multiplexing (OFDM) transmission systems is studied in the context of passive optical 
networks (PONs).Impacts of limited roll-off factor of shaping filter and required guard-
band (GB) are studied through numerical simulations, showing that the Carrier to Signal 
Power Ratio (CSPR) value plays a significant role in the systems performance. A 
heterodyne envelope (HE) receiver is proposed in which for a QPSK system with 
10Gbps bitrate and for a bit error ratio (BER) quality threshold of 10-3 shows an 
improvement of 10.8dB in sensitivity and 25% in spectral efficiency by using optimum 
CSPR values as compared to standard unity CSPR. This is due to the fact that larger 
CSPR values reduce the level of Signal to Signal Mixing Interference (SSMI) products 
falling in the GB with respect to signal levels. Besides, remote heterodyne (RH) DD-
OFDM system is evaluated and it is shown that total GB of RH-DD-OFDM system can 
be removed using optimum value of CSPR at the cost of 9 dB power Penalty with 
respect unity CSPR. 
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1 INTRODUCTION 
In recent years, optical orthogonal frequency division multiplexing (OFDM) has 
attracted huge attention in the field of high-speed optical communications [1] [2]. 
OFDM is a multicarrier modulation approach for high-speed transmission, in which 
high aggregate data rates are achieved by parallel transmission of partially overlapped 
(i.e., spectrally efficient), lower rate frequency-domain tributaries [3]. OFDM exhibits 
great efficiency for high-speed transmission over bandwidth-constrained channels. With 
the explosive, multimedia-driven growth of Internet traffic [4], the seemingly endless 
transmission capacity of optical fiber is starting to reach its limits. Thus making the 
high-profile case for optical OFDM (O-OFDM) in the context of spectrally efficient [5], 
next-generation 100 Gb/s long-haul fiber transmission with the first experimental 
demonstration of a 1000Km, 10 Gbps fiber link without dispersion compensating 
devices based on the use of OFDM [1].  
In the context of next-generation optical access, the case for OFDM is based both 
on the access network “capacity crunch” driven by digital video traffic [6], mobile 
networking, home networking, etc. [5], and also on a point-to-multipoint network 
topology that is unique to this fiber-optic application domain. Specifically, with point-
to-multipoint passive optical networks (PON) accounting for the vast majority of global 
fiber-to-the-home (FTTH) deployments, and the number of worldwide FTTH 
subscribers increasing at a breathtaking pace, the PON architecture will undoubtedly 
play a significant role in future optical access [5]. In PONs, the bandwidth resources are 
shared by multiple users, which access the broadcast channel in a centrally controlled 
fashion. The latter concept, known as orthogonal frequency division multiple access 
(OFDMA) [7], is widely adopted in OFDM-based wireless networks and presents a 
unique advantage for future PON systems. Specifically, the highly bursty traffic profile 
in PON [8], combined with a drive towards multi-service coexistence on a single 
platform, would make flexible, transparent inter user and/or service bandwidth sharing a 
premium [9]. Increases in the target reach and split ratios are also motivated by potential 
reductions in capital and operational expenses Capital Expenditure (CAPEX) and 
Operational Expenditure (OPEX) via node and network consolidation [10].  
Optical OFDM systems can be broadly classified attending to their receiver type 
in either coherent (CO) or direct-detection (DD) OFDM. DD-OFDM receivers are 
essentially characterized by a response proportional to the optical signal envelope and 
the loss of all optical phase information [11]. They represent the simplest and more 
M. Behnam Shariati 
 
 
13 
 
cost-effective receiver option, since their more canonical practical realization consists of 
a single photodiode (PD) that performs the optoelectronic conversion. CO-OFDM 
receivers on the other hand, are sensitive to the optical phase information at the expense 
of a complex configuration which includes a local optical source and extra devices for 
both polarization and optical phase control. Not surprisingly, the higher cost and 
complexity of coherent receivers is justified by higher performance and spectral 
efficiency [12]. DD-OFDM simply refers to a single photo-diode receiver which 
performs optical-electrical conversion in order to translate the OFDM band into the 
electrical domain [13]. It only detects the envelope of the optical signal arriving to the 
photo detector and requires a carrier to be sent from the transmitter. Alternatively, this 
optical carrier may be supplied at the receiver side and coupled with the incoming signal 
prior to photo-detection.  While strictly speaking the inclusion of the optical carrier 
either at the transmitter or at the receiver side does not make much difference as to the 
nature of the detection, direct envelope detection in both cases, the fact that the receiver 
includes an optical source, makes it appear as a coherent receiver from a hardware 
viewpoint. 
In order to avoid confusion we use the term envelope receiver instead of DD 
receiver for the single diode plus optical source receiver which only detects the power 
(envelope) of the signal. Receivers may be also classified in either homodyne or 
heterodyne, depending on the spectral position of the optical carrier relative to the 
OFDM optical data band [14]. In a homodyne receiver the carrier is centered in the 
OFDM band and therefore the detected signal is baseband, while in a heterodyne 
receiver there is a spectral difference with respect to the OFDM band and thus, the 
detected signal is pass-band. Envelope receivers suffer from reduced spectral efficiency 
since an optical data guard band (GB) is usually left between the optical carrier and the 
OFDM optical [1]. This GB prevents Signal to Signal Mixing Interference (SSMI) 
products from overlapping with the OFDM signal [15]. An amount of GB equal to the 
bandwidth (BWOFDM) of the OFDM data signal is required to detect a clear OFDM 
signal without significant SSMI effects [11].   
In addition to spectral inefficiency due to required GB to correctly detecting the 
OFDM signal, imperfectness of the anti-aliasing filter which shapes the OFDM band in 
the electrical domain imposes an extra amount of spectrum usage [3]. To the best of our 
Optimum Carrier to Signal Power Ratio Evaluation for Spectrally Efficient Systems in the Context of OFDM-PONs 
knowledge, the impact of this parameter on the performance of envelope receivers in the 
context of OFDM transmission system has not been studied before. In this thesis, we 
evaluate the impact of filter roll-off (i.e. filter smoothness) on the receiver sensitivity 
and spectral efficiency of the system.   
The amount of power assigned to carrier with respect to data band, CSPR, is a key 
parameter in the performance of envelope detectors, as it has already been shown for the 
single-diode RH-OFDM receiver in the presence of fiber nonlinearities [16]. Several 
studies indicate that the value of CSPR=1 is optimum [17] [18]. It is mathematically 
shown that for GB=BWOFDM the optimum value of CSPR=1 [19]. However, in [18] 
[20], they showed when the average power launched into the fiber increases, the 
optimum CSPR deviates from its unity value. In [16], they showed significant gain can 
be obtained from increasing the launched power, if the optimum CSPR is used and it 
translates into a higher number of served users in the system. In this thesis, we are going 
to investigate impact of CSPR on the spectral efficiency of the OFDM based envelope 
detector system in the context of passive optical networks (PONs).  
All in all, in this thesis a dual optimization of CSPR and spectral efficiency is 
studied through extensive simulations and the impact of smaller GB and different values 
of roll-off factors of the anti-aliasing filters is investigated using both unity CSPR and 
the optimum CSPR which is obtained through an optimization process. 
In chapter 2, some fundamentals of future optical access networks, basics of 
OFDM transmission system, some basics of optical modulation and finally a brief 
discussion of OFDM flavors are presented. In the 3
rd
 chapter a more detailed description 
of DD-OFDM systems and envelope receiver based system with a detail description of 
CSPR are presented. Two different simulation scenarios considered for this study are 
detailed in chapter 4 and the simulation results are discussed. The thesis main 
conclusions are summarized in chapter 5 and future lines of the work are briefly 
discussed in chapter 6. 
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2 STATE OF THE ART 
2.1 Future optical access networks  
An increase in demand for high data rates has been an important factor in the 
emergence of OFDM in the optical domain, with a wide variety of solutions developed 
for different applications both in the core and access networks. This emergence has been 
facilitated by the intrinsic advantages of OFDM such as its high spectral efficiency [21], 
ease of channel and phase estimation [13] and robustness against delay. In this section, 
an overview of optical access networks is presented, covering state-of-the-art 
technologies, recent progress and different application scenarios. OFDM is also 
presented as an effective solution to the major problems of today’s optical access 
networks. The structure of this chapter is as follows: section 2.2 provides an overview 
of next-generation broadband access networks. In this section, we highlight optical fiber 
as probably the most viable means of meeting the ever-increasing bandwidth demand of 
subscribers. The various state-of-the-art optical technologies currently being deployed 
for shared fiber multiple access such as time division multiple access (TDMA), 
wavelength division multiple access (WDMA), and orthogonal frequency division 
multiple access (OFDMA) are explained. 
Section 2.3 provides a review of some fundamental OFDM principles including 
the background, basic mathematical representation, system implementations, cyclic 
prefix use, advantages and disadvantages of OFDM. This literature review is essential 
in order to appreciate the motivation behind applying OFDM techniques in optical 
communication systems. In section 2.4, some aspects of optical modulation are 
presented. In section 2.5 the two optical OFDM variants that have been introduced 
coherent optical OFDM (CO-OFDM) and direct-detection optical OFDM (DD-OFDM) 
are examined with a focus on their corresponding transmitter and receiver side 
architectures. The respective advantages and disadvantages of these two variants are 
also highlighted, with emphasis placed on implementation aspects that are of 
importance in optical access networks.  
2.2 Passive Optical Networks  
PONs have high potential for high capacity data transformation and they can be 
operated in shared medium which makes it economically very efficient. Basic structure 
Optimum Carrier to Signal Power Ratio Evaluation for Spectrally Efficient Systems in the Context of OFDM-PONs 
of PONs is illustrated in Figure ‎2-1  [22].A PON is composed by the Optical Line 
Terminal (OLT), the Optical Network Unit (ONU), and peripheral devices which 
distribute the signals and are located in medium nodes. All in all, the whole network is 
composed of two main parts, the feeder part, from OLT to the first remote node, and 
Optical Distribution Network (ODN), from the first medium node to the ONUs. 
 
Figure ‎2-1 Basic structure of PONs 
In a PON, the information exchange transportation can be classified in two 
different categories depending on the flow of the traffic, downstream channel and 
upstream channel which are illustrated in Figure ‎2-2. In the upstream, the optical system 
becomes a multipoint to point network between different ONUs and the OLT, so the 
optical signal must be combined using a multiple access protocol [23]. Generally 
speaking, upstream is more challenging than downstream part of the network. In order 
for the individual ONUs to be able to send traffic upstream to the OLT without 
collisions, it is necessary to have an appropriate multiple access schemes. In this regard, 
several multiple access techniques have been developed for PON operation. These 
include TDMA, WDMA and OFDMA [24].  
 
Figure ‎2-2 Downstream and upstream cannel scheme of a PON 
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To satisfy the requirements of future PON systems, several multiple-access 
candidate technologies have been proposed, including time division multiple access 
(TDMA)-PON, wavelength division multiplexed (WDM)-PON, OFDMA-PON [24], as 
well as various hybrid options, formed from one or more of the aforementioned 
constituent technologies [25] [26] [27]. While entirely amenable to hybrid operation 
with both WDM and TDMA overlays, the distinguishing feature of OFDMA-based 
PON is a pronounced reliance on electronic digital signal processing (DSP) to tackle the 
key performance and cost challenges. OFDMA-PON thus essentially extends the trend 
of “software-defined” (DSP-based) optical communications to next-generation optical 
access [28]. The resulting volume-driven cost profile is indeed the target regime for any 
technology candidate in this space.  
To satisfy the requirements of future PON systems, both upstream and 
downstream traffic require high-level multiplexing techniques. In the following 
subsection, a brief description and a comparative study of the most relevant multiple 
access candidate protocols are presented. 
2.2.1 TDMA 
In TDMA-PONs, only one ONU can transmit or receive at a given time instant. 
Since the ONUs are typically at different distances from the OLT, ranging protocols are 
used to ensure that each ONU sends its data at the right time instant. These ranging 
protocols measure the round-trip time (RTT) from each ONU to the OLT and then 
offset each RTT to the highest RTT. For TDMA-PONs, a burst mode receiver which 
can handle different amplitude levels of packets is also needed at the OLT [22].  
Initially with TDMA-PONs, the bandwidth of each ONU was assigned during ranging. 
This implies that the capacity of each ONU would decrease with an increase in the 
number of ONUs. However, TDMA-PONs can now dynamically adjust the bandwidth 
of each ONU depending on customer need. Several TMDA-PONs have been 
standardised. These include broadband PON (BPON) defined by the ITU-T G.983 
standard, the gigabit PON (GPON) defined by the ITU-T G.984 standard, and the 
Ethernet PON (EPON) defined by the IEEE 802.3ah standard.  
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2.2.2 WDMA 
Typically in WDMA-PONs, each ONU uses a dedicated wavelength to transmit 
data to the OLT, implying there is no need for time synchronization. This multiple 
wavelength arrangement requires multiple transceivers; hence AWGs or optical filters 
are needed to correctly distribute the wavelengths. Moreover, having each ONU 
operating at a dedicated wavelength might be impractical because of the cost and 
complexity involved for network operators in managing the inventory of lasers. 
2.2.3 OFDMA 
OFDMA-PON which is shown in Figure ‎2-3 employs OFDM as the modulation 
scheme and exploits its superior transmission capability to improve the bandwidth 
provisioning of optical access networks [29]. 
 
Figure ‎2-3 OFDMA-PON architecture 
 In both downlink and uplink traffics, the OFDMA-PON architecture divides the 
total OFDM bandwidth in N sub-bands [1], each containing the quantity of subcarriers 
required by each user. OFDM uses a large number of closely-spaced orthogonal 
subcarriers to carry data traffic. Each subcarrier is modulated by a conventional 
modulation scheme (such as quadrature amplitude modulation or phase-shift keying) at 
a low symbol rate, thus achieving the sum of the rates provided by all subcarriers 
compatible to those of conventional single-carrier modulation schemes in the same 
bandwidth [5]. OFDMA-PON can be combined with WDM to further increase the 
bandwidth provisioning [11].  
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OFDMA-PON exhibits the following advantages:  
• Enhanced spectral efficiency: Orthogonality among subcarriers 
in OFDM allows spectral overlap of individual sub-channels. In 
addition, OFDM uses a simple constellation mapping algorithm 
for high-order modulation schemes such as 16QAM and 8PSK. 
Using these techniques, OFDM in PON makes effective use of 
spectral resources and improves spectral efficiency [29] [9]. 
• Avoiding costly optical devices and using cheaper electronic 
devices: Integrated optical devices are very costly, and optical 
modules of 10G or higher can significantly drive up the cost of 
an access network. OFDM avoids costly optical devices and 
uses cheaper electronic devices. OFDM leverages on the 
integration and low-cost advantages of high-speed digital signal 
processors and high-frequency microwave devices to develop 
access networks [21] [29]. 
• Dynamic allocation of subcarriers: Depending on channel 
environments and application scenarios, OFDM can 
dynamically allocate the number of bits carried by each 
subcarrier, determine the modulation scheme used by each 
subcarrier, and adjust the transmitting power of each subcarrier 
by using a simple FFT algorithm. In OFDM-PON, allocation of 
each subcarrier is executed in real time according to the access 
distance, subscriber type, and access service [5]. 
• Smooth evolution to ultra-long-haul access network: A simple 
network structure improves the performance of an access 
network and reduces costs. Converged optical core, metro, and 
access network has become a hot research topic, and long reach 
access networks have been proposed. Long-reach optical access 
suffers from the problem of high fiber chromatic dispersion. The 
OFDM modulation scheme can help address the chromatic and 
polarization-mode dispersion in optical links [29].  
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Therefore, OFDM-PON can be used to smoothly evolve optical access networks 
to ultra-long haul access networks. 
2.3 Orthogonal Frequency Division Multiplexing (OFDM) 
In optical systems, system designers have to deal with the inherent linear 
distortions that exist in the fiber link (mainly in the form of chromatic dispersion and 
PMD. Despite optical fiber being historically thought to be a virtually inexhaustible 
resource and with transmission rates being low enough to render linear distortion effects 
negligible [21], this is not the norm in the context of next-generation optical access. 
This is because as stated in introduction, there has been an explosion of demand of 
subscribers for bandwidth-intensive applications that require multi-Gbit/s data rates to 
support them. As data rates increase, both chromatic dispersion increases quadratically 
with the data rate while PMD increases linearly with the data rate [30]. In addition, 
recent research has shown that the optical fiber channel itself imposes some 
fundamental capacity limits [31].  
Considering all these, OFDM, a modulation format advantaged by its spectral 
efficiency, robustness against delay, and ease of channel and phase estimation, made the 
transition into the optical communications world where it was applied for long-haul 
fiber transmission at high data rates of up to 100 Gbit/s for the length of 1000km [13] 
[11] and is now being used for optical access applications [21].  
In this section, a review of general OFDM principles is provided to appreciate the 
motivation behind applying OFDM techniques in optical communication systems. 
While OFDM theory is extensive, an intuitive understanding may be gained by 
contrasting OFDM with single carrier (SC) transmission and conventional frequency 
division multiplexing (FDM). As shown in Figure ‎2-4 [21], the same overall data rate 
can be achieved either by serial SC transmission over a broad frequency spectrum, or by 
parallel transmission on multiple, narrowband spectral tributaries, i.e., via FDM. (It is 
noted that if the FDM subcarrier frequencies were replaced by wavelengths, a 
traditional WDM setup would be obtained.)  
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Figure ‎2-4 Frequency domain spectra for (a)SC, (b)FDM, (c)OFDM signals 
However, at very high symbol rates, the SC approach mandates such short symbol 
times that, in any non-ideal linear channel, symbols will inevitably become lengthened 
by the convolution with the channel’s non-ideal impulse response. The resulting symbol 
spreading is referred to as dispersion [21]. Dispersion extends data symbols beyond 
their designated slot and into adjacent symbol times, producing inter-symbol 
interference (ISI) that must be equalized at the receiver. ISI effects moreover worsen 
with shorter because a given symbol is spread over more and more adjacent symbols, 
and increasingly complicated receiver-side equalizers (i.e., filters) with a high number 
of taps (i.e., coefficients) are needed. The advantage of the “parallelized” FDM 
approach is that the symbols on the narrowband tributaries, or subcarriers, have longer 
durations, making them less vulnerable to linear distortion effects that increase with the 
symbol rate, such as chromatic dispersion (CD). This principle is also related to time-
frequency duality: i.e., the narrower a signal is in frequency, the wider (i.e., longer) it is 
in time. Consequently, the channel delay (e.g., wireless multipath delay spread, CD-
induced delay, etc.) becomes a small fraction of the symbol time, T. As a result, ISI will 
affect at most one symbol, such that the channel response over each narrowband 
subcarrier can be approximated as having a constant amplitude and phase. Data symbols 
can then be recovered via one-tap (i.e., single coefficient) FDE. The tradeoff for this 
benefit is a loss in spectral efficiency due to the insertion of non-data-carrying spectral 
guard bands, ΔF, which are needed to separate the FDM subcarriers and prevent 
interference that would otherwise arise from any frequency-domain subcarrier overlap. 
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The orthogonality condition among subcarriers ΔF =1/T allows the recovery of 
the sent symbols in spite of spectral overlap, thus recovering spectral efficiency, so that 
the symbols rate with Orthogonal FDM is equivalent to that of the SC modulation, 
while retaining the desirable qualities of FDM. 
2.3.1 Single-carrier and multi-carrier modulation systems 
There are two modulation techniques that are employed in modern 
communication systems. These are single-carrier modulation and multi-carrier 
modulation [21]. In single-carrier modulation, the information is modulated onto one 
carrier by varying the amplitude, frequency or the phase of the carrier. For digital 
systems, this information is in the form of bits or symbols (collection of bits). The 
signaling interval for a single-carrier modulation system equals the symbol duration and 
the entire bandwidth is occupied by the modulated carrier (orthogonality condition). As 
data rates increase, the symbol duration Ts becomes smaller. If Ts is smaller than the 
channel delay spread τ, there will be significant ISI due to the memory of the dispersive 
channel [32]and an error floor quickly develops. Consequently, the system becomes 
more susceptible to loss of information from adverse conditions such as frequency 
selective fading due to multipath, interference from other sources, and impulse noise. 
On the other hand, in multi-carrier modulation systems such as frequency division 
multiplexing (FDM) systems, the modulated carrier occupies only a fraction of the total 
bandwidth. In such systems, the transmitted information at a high data rate is divided 
into lower-rate parallel streams, each of these streams simultaneously modulating a 
different subcarrier. If the total data rate is Rs, each parallel stream would have a data 
rate equal to Rs ⁄N. This implies that the symbol duration of each parallel stream is N×Ts 
times longer than that the serial symbol duration; and much greater than the channel 
delay spread τ. These systems are thus tolerant to ISI and are increasingly being 
employed in modern communication systems. The amount of spectral saving in OFDM 
scheme compare to conventional FDM scheme is illustrated in Figure ‎2-5. 
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Figure ‎2-5 FDM vs. OFDM modulation formats 
2.3.2 Mathematical Basics of OFDM  
In OFDM systems, any signal s(t) can be represented as: 
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where cki is the i
th
 information symbol at the k
th 
subcarrier, sk(t) is the waveform for the 
k
th
 subcarrier, Nsc is the number of subcarriers, and Ts  is the symbol period. sk(t-iTs)is 
selected from a set of orthogonal functions in the sense that 
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where δkl or δij is a  Kronecker delta function. One of the most popular choices of the 
function set is windowed discrete tones given by 
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fk is the frequency of the k
th 
subcarrier, and, П(t) is the pulse shaping function. In such a 
scheme, OFDM becomes a special class of multi carrier modulation (MCM), a general 
implementation of it is illustrated in Figure ‎2-6. The optimum detector for each 
subcarrier could be a filter that matches the subcarrier waveform, or a correlator 
matched to the subcarrier as shown in Figure ‎2-6. 
 
Figure ‎2-6 Conceptual diagram of a general multi carrier modulation system 
Therefore the detected information symbol c’ik at the output of the correlator is 
given by  
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where r(t) is the received signal in time domain. The major disadvantage of MCM is 
that it requires excessive bandwidth. This is because, in order to design the filters and 
oscillators cost effectively. The channel spacing has to be multiple times the symbol 
rate, greatly reducing the spectral efficiency. Using orthogonal subcarriers was firstly 
presented by in [33]to achieve high spectral efficiency transmission. The orthogonality 
can be verified from straight forward correlation between any two subcarriers, given by 
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It can be seen if the following condition  
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is satisfied, then the two subcarriers are orthogonal to each other, i.e., <sk,sl>=1 only for 
k=l, and <sk,sl>=0 for k≠l. This signifies that these orthogonal subcarrier sets, with their 
frequencies spaced at multiple of the inverse of the symbol rate can be recovered with 
the matched filters without inter carrier interference, in spite of strong signal spectral 
overlapping. Four different frequency subcarriers are illustrated in ‎2-7. 
 
 
‎2-7 Four different frequency subcarriers 
2.3.3 Discrete Four Transform Realization 
A fundamental challenge with OFDM is that a large number of subcarriers are 
needed so that the transmission channel appears to each subcarrier as a flat channel, in 
order to recover the subcarriers with minimum signal processing complexity. This leads 
to an extremely complex architecture involving many oscillators and filters at both 
transmit and receive end. In [34], they first revealed that OFDM 
modulation/demodulation can be implemented by using inverse discrete Fourier 
transform (IDFT)/discrete Fourier transform (DFT). Let’s temporarily omit the index ‘i’ 
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in ‎2-1 to focus our attention on one OFDM symbol, and assume that we sample s(t) at 
every interval of Ts/Nsc, and the m
th
 sample of s(t) from the expression (‎2-1) becomes 
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Using orthogonality of ‎2-9 and the convention that 
s
k
T
k
f
1
  
‎2-11 
and some substitutions, we have 
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where F stands for Fourier transform and m=[1,Nsc]. In a similar fashion at the receiver 
end, we arrive at 
 
}{' mk rFc   
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where rm is the received signal sampled at every interval of Ts/Nsc. Therefore, the 
OFDM modulation process is equivalent to applying the IFFT algorithm over the 
symbols to be sent and then performing DAC. 
2.3.4 Complex and Real Representations of an OFDM Signal: 
At the very beginning and end of digital signal processing, the baseband OFDM 
signal is represented as a complex value, but during transmission the OFDM signal 
becomes a real-valued signal, more precisely, there is frequency up-conversion and 
frequency down-conversion required for this complex-to-real value conversion, or 
baseband to passband conversion. Mathematically, such transformation involves a 
complex multiplier (mixer) or IQ modulator/demodulator, which at the up-conversion 
can be expressed as: 
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Figure ‎2-8 IQ modulator for up-conversion of a complex-valued baseband signal ‘c’ to a real-valued 
passband signal ‘z’. The down-conversion follows the reverse process by reversing the flow of ‘c ’ and ‘z ’. 
where the passband signal s(t) is a real-valued signal at the center frequency of f, 
s(t) is the baseband complex-valued signal, ‘Re’ and ‘Im’ stand for real and imaginary 
parts of a complex quantity. Traditionally, the IQ modulator can be constructed with a 
pair of RF mixers and LOs with 90 degree shift as shown in Figure ‎2-8. The real-to-
complex down-conversion of an OFDM signal follows the reverse process of the up-
conversion by reversing the flow of the baseband signal ‘c ’ and RF passband signal ‘z ’ 
in Figure ‎2-8. The IQ modulator/demodulator for optical OFDM up/down conversion 
resembles, but is relatively more complicated than the RF counterpart [35]. It is usually 
implemented using Mach Zhender Modulators (MZM) [36].  
2.3.5 Coder and Decoder modules 
Figure ‎2-9 illustrates the stages of a conventional OFDM Coder and theits 
schematic for Decoder is shown in Figure ‎2-10.As seem, in the coder, the incoming bit 
sequence is firstly parallelized and modulated into complex symbols, usually applying a 
multilevel coding (M-QAM) which can be different for every subcarrier. The iFFT 
algorithm then takes the OFDM symbol frame to the time domain, and the CP is added, 
just before DAC and anti-aliasing filtering. A training symbol insertion that is known 
OFDM symbol frames can be sent before each data packet for receiver synchronization. 
In general case, two signals corresponding to the real and the imaginary parts of the 
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OFDM symbol are obtained from the baseband OFDM coding, which hare fed to the 
optical modulation stage. 
 
 
Figure ‎2-9 OFDM Coder 
At the baseband decoder module, the reverse process is taken place in order to 
post-process and recover data sent. The real and imaginary parts, of the received 
baseband OFDM signal provided by the optical demodulation stage at the receiver are 
firstly low filter to avoid the alias at high frequencies and sent to a pair of ADCs in 
order to be digitalized. The complex valued electrical signal is then synchronized with 
the preamble added in the transmitter and CP extraction takes place. The sequence is 
then converted from serial to parallel and demodulated with a fast Fourier transform 
(FFT). Afterwards, zero-padded subcarriers and pilot tones are extracted. The channel 
estimation using pilot tones and training sequence is taken place whose output is 
equalizer coefficients. Each subcarrier is then demodulated according to the 
corresponding modulation format and, finally the restored bit sequences are serialized to 
recover the information sequence sent. 
 
Figure ‎2-10 OFDM Decoder 
 
M. Behnam Shariati 
 
 
29 
 
2.3.6 Cyclic prefix 
As a consequence of the channel delays, the information of a transmitted symbol 
is spread polluting adjacent symbols in a phenomenon known as Intersymbol 
Interference (ISI). A time guard interval can then be added between symbols in order to 
accommodate the polluted signal part, leaving a time interval which only contains 
information from the useful data symbol which is not polluted. Moreover, a cyclic 
extension of the symbols is required within the guard-time so that the ISI-free part of 
the symbol maintains the orthogonality among subcarriers, thus avoiding ICI which is 
shown in Figure ‎2-11 .  
 
Figure ‎2-11 Transmitted optical signal through the channel (left) and OFDM signals without CP at the 
transmitter, without CP at the receiver and with CP at the receiver side 
In Figure ‎2-11 in the right, where the DFT window is the OFDM sy,bol duration 
and tD is the delay induced by the chromatic dispersion of the fiber, a system with three 
electrical subcarriers and two OFDM symbols is depicted. As seen, part of the first 
OFDM symbol of the slower signal is introduced into the observation window of the 
second symbol due to the delay spread causing the aforementioned ISI. Moreover, 
considering that the first OFDM symbol of the slower signals is incomplete the 
orthogonality breaks and ICI appears. 
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2.3.7 OFDM disadvantages  
Despite its numerous advantages, OFDM has a number of disadvantages. Out of 
the various disadvantages, we will consider its high Peak-to-Average Power Ratio 
(PAPR) and its sensitivity to phase noise because of the significant challenges these 
disadvantages present for optical fiber communications 
2.3.7.1 Peak-to-average power ratio of OFDM signals  
Since OFDM has a multicarrier nature, the various subcarriers that make up the 
OFDM signal combine constructively. Consequently, since we are summing several 
sinusoids, the OFDM signal in the time domain has a high PAPR. Because of this high 
PAPR, any transmitter nonlinearities would translate into out-of-band power and in-
band distortion. Despite the OFDM signal having relatively infrequently occurring high 
peaks, these peaks can still cause sufficient out-of-band power when there is saturation 
of the output power amplifier or when there is even the slightest amplifier non-linearity 
[11]. The PAPR is defined as: 
],0[,
})({
})(max{
2
2
Tt
tsE
ts
PAPR   
‎2-15 
where E{.} denotes the expectation operator. In optical communications, EDFAs are 
employed. These amplifiers are characterized by a slow response time, making them 
linear regardless of the input signal power. Nevertheless, the high PAPR of OFDM is 
still a challenge because of the non-linearity of the external modulator, the ADC and the 
optical fiber [2]. When the OFDM signal is transmitted over fiber, the Kerr effect gives 
rise to four-wave mixing (FWM) distortion products. The strength of these FWM 
products depends on the signal’s PAPR [32]. Techniques such as signal clipping, 
Selected Mapping and Trellis Shaping (SLM) as well as signal scrambling have been 
proposed as solutions to the high PAPR of OFDM [2] [11]. 
2.3.7.2 Phase noise sensitivity  
OFDM signals are quite sensitive to phase noise. The adverse effects of phase noise are 
two-fold:  
 A rotation of the phase of all the subcarriers in the frequency domain by 
the same angle due to the common phase shift (CPS). This CPS results in 
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the entire OFDM constellation being shifted by the same angle. Phase 
noise causes BER degradation because the constellation points could 
rotate beyond the symbol decision regions. This skewed rotation can be 
corrected by using frequency-domain equalization.  
  ICI and consequent BER degradation. In optical OFDM systems, the 
laser phase noise is usually relatively large and becomes more of a 
problem as higher order modulation formats are employed to achieve 
high spectral efficiency modulation [2]. This is because the phase noise 
penalty is proportional to the SNR, and higher order modulation formats 
require higher SNR. 
2.4 Optical modulation 
A large amount of data we are using and transmitting daily, either for phone-calls 
or internet browsing, is generated and processed in electrical domain. However, since 
the need for high bit rate communications became an inevitable issue, transmitting this 
high capacity of information through electrical links was facing a bottleneck. Hopefully, 
due to extremely high capacity of light, we can use this beauty of it to transport high 
volume of data. For the time being, optical communication was used for long haul and 
submarine links (from 1000 to a couple of 10000’s km). Optical communication has 
found its application in metropolitan area networks (MANs) and currently is developing 
for access networks to serve end-users. 
One of the benefits of optical communication is to allow transport of large 
capacities expressed in bits per second for the digital optical communication systems. 
Typical bit rates in current networks are 2.5-10 Gbit/s per channel (per wavelength in 
wavelength division multiplexing (WDM)) and the next generation optical transport 
systems running at 40 Gbit/s per channel are ready to be deployed. This order of 
magnitude for the bit rate is more than the needs of individual users. Therefore, the data 
stream generating from a large number of users is multiplexed in time in electrical 
domain and then transmits in high bit rates through optical links. 
A key functionality of an optical system is the modulation operation, which 
consists of “converting” the high bit rate electrical signal into the optical domain. Ideal 
modulation is equivalent to perform a frequency translation from the baseband to an 
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optical carrier frequency, of the order of 193 THz (i.e. 193×10
12 
Hz) for the usual 1550 
nm transmission window. So far, most of the optical communication systems make use 
of intensity modulation of the light (i.e. its intensity or power is varied according to the 
data to be transmitted), since it needs a very simple detection process using a 
photodiode which generates photocurrent following the variations of the optical signal.  
However, the optical field has three physical attributes that can be used to carry 
data: intensity, phase (including frequency), and polarization [ [37]]. Depending on 
which of the abovementioned quantity is used for information transport, we distinguish 
between intensity (power), phase (or frequency), and polarization data modulation 
formats. 
As mentioned above, optical modulation consists in converting electrical signal to 
the optical one in order to be transmitted in optical domain. For doing so, two different 
strategies, shown in Error! Reference source not found.., can be selected to perform 
his operation. In the direct modulation scheme, the driving current to a directly 
modulated (DM) semiconductor laser is varied according to the data to be transmitted. 
In the external modulation scheme that is subjected to a constant bias current emits a 
continuous wave (CW) while an external modulator switches the optical power on or off 
according to the data stream. 
 
‎2-12 Illustration of the direct (top) and external (bottom) modulation [ [38]] 
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2.4.1 Modulation technique requirements  
2.4.1.1 Speed of operation 
As concisely explained above, the physical operation that is needed to perform the 
optical modulation should be fast enough to allow proper operation at the desired bit 
rate. At 10 Gbit/s, the bit slot duration is 100 ps and it is expected that the transmitter, 
whether a directly modulated laser or a continuous wave laser followed by an external 
optical modulator, be able to perform switching in such bit rate within a fraction of this 
duration [38]. 
2.4.1.2 Extinction Ratio 
The extinction ratio of the optical signal is defined as  
0
1
P
P
ER   
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where P1 and P0 are the power levels corresponding to the “high” and “low” optical 
power levels , respectively. It is important to achieve a good extinction ratio for the 
optical signal, i.e. to achieve a large separation between the power of the “high power 
level” and “low power level”, and ensure that as little power as possible is present in the 
signal when a “low power level” is transmitted. The effect of a poor extinction ratio will 
otherwise manifest itself under the form of power penalty at the receiver (i.e. an 
increased required optical power at the receiver in order to achieve a given bit-error-rate 
, typically 10-12, compared to the case of an ideal signal with infinite extinction ratio) 
that will reduced the power budget of the system.   
2.4.1.3  Frequency Chirping 
The electric field of an optical signal whose carrier angular frequency is  0 can 
be expressed as  
])(Re[)( 0tjetAtE   
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where Re denotes the real part, and where A(t) is known as complex envelope of the 
signal. As it is obvious from the name, envelope is a complex number which can be 
written in terms of its modulus |A| and phase  according to  
)()( )(|)(|)( tjtj etPetAtA    
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where P(t)=|A(t)|
2
 is the power of the signal. Therefore, intensity modulation consist in 
varying P(t) according to the modulating electrical signal. However, the desired power 
modulation of the optical signal is often accompanied by a modulation of its phase  
induced by physical process which realizes the intensity modulation. Consequently, not 
only the power P(t) becomes a function of time, but also the phase which is very often 
an undesired feature becomes a function of time. By using Error! Reference source 
ot found. and Error! Reference source not found., the instantaneous frequency of the 
optical signal is expressed as 
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Therefore, a time-varying phase is equivalent to a change in signal instantaneous 
frequency. This frequency modulation is usually referred to as frequency chirping. The 
amount of frequency chirping depends on physical mechanism of light modulation, as 
well as the design and operation of the optical modulator. 
 The chirp of an optical signal is usually understood as the time dependence of its 
instantaneous frequency, specifically an up-chirp (down-chirp) means that the 
instantaneous frequency increases (decreases) with time. Intuitively, the effect of 
frequency chirping will be to broaden the spectrum of the modulated signal. As the 
effect of dispersion worsens with increasing signal spectral width, frequency chirping 
will, in general, result in reduced tolerance to group velocity dispersion. 
2.4.2 External Modulation 
Two types of common external modulators in optical communications are based 
on i) electro-absorption, and ii) electro-optic effects of light. The first one relies on the 
modification of a semiconductor material absorption when an external electric field is 
applied. More specifically, its principle of operation is based on the Franz-Keldysh 
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effect, i.e., a change in the absorption spectrum caused by an applied electric field, 
which changes the band-gap energy [ [39]]. The latter one is based on the change of the 
refractive index of some materials in the presence of the external electric field. More 
specifically, its principle of operation is based on the so called electro-optic effect 
(Pockels effect), i.e., the modification of the refractive index of a non-linear crystal by 
an applied electric field. It is worth to mention that change in the refractive index itself 
does not permit the modulation of the intensity of the optical signal. However, using an 
interferometric structure such as the Mach-Zehnder structure, which will be detailed in 
the following section, enables to convert the induced phase modulation into the desired 
intensity modulation.  
2.5 Optical OFDM flavors 
Optical OFDM solutions can be classified into two broad groups based on the 
techniques used for detection at the receiver. These groups are direct-detection optical 
OFDM (DD-OOFDM) and coherent optical OFDM (CO-OFDM) [2]. These two 
detection techniques have their respective advantages and disadvantages. CO-OFDM 
has shown superior performance than DD-OOFDM in terms of spectral efficiency and 
receiver sensitivity [2]. It is possible, in the context of optical access, for this increase in 
receiver sensitivity to be exploited in PONs to increase the ONU splitting ratio or the 
PON reach [21]. However, CO-OFDM systems require a coherent receiver, meaning the 
optical carrier has to be generated locally by a laser before photodetection. They are 
thus sensitive to laser phase noise, and conventional CO-OFDM systems would require 
narrow linewidth lasers and small FFT sizes to reduce the influence of this phase noise 
[12]. This is disadvantageous because narrow linewidth lasers are quite expensive and 
small FFT sizes increase the overhead of cyclic prefix [21]. Furthermore, with coherent 
detection, the phase information of the optical signal is preserved after electro-optic 
detection, allowing the optical distortion effects such as chromatic and polarization 
mode dispersion (PMD) to be compensated electronically [35]. Fundamentally, coherent 
optical systems require much more complex electro-optics than direct-detection 
schemes. Another application where coherent technology has an advantage is for low-
latency connectivity. The use of coherent detection can completely eliminate the need 
for optical fiber based dispersion compensation, which reduces the distance, and hence 
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latency, of the optical link. This has some advantages in the financial community and 
for gaming applications. CO-OFDM systems also have a higher degree of complexity 
and cost than DD-OOFDM systems because they require extra polarization controllers, 
an optical hybrid and dual photodiodes [11]. This increased complexity is practically 
prominent in the receiver side and may pose a challenge in deploying cost-effective 
PONs. Consequently, in terms of optical access, the advantages DD-OOFDM systems 
offer over CO-OFDM systems as regards simplicity and cost savings [35] render it the 
more attractive option.  
Both CO-OFDM and DD-OFDM have been proposed for long haul transmission 
[1]. But it is generally agreed that CO-OFDM will have a major role in long haul 
transmission where the receiver sensitivity, PMD sensitivity, and spectral efficiency are 
of critical importance, whereas DD-OFDM may find its niche in metro or access 
networks where cost is primary concern [5]. 
Hence, the simulations and experiments in this thesis will be focused entirely on 
DD-OOFDM.  
2.6 Anti-aliasing (shaping) Filter 
Nyquist pulse shaping is a key technology used for high spectral efficient 
transmission. A family of filters that satisfies the Nyquist theorem is the raised cosine 
shaping filter [40], which is shown in Figure ‎2-13. This type of filters are able to 
provide high spectral efficiency for any given modulation format due to their very sharp 
rising/falling edges. For any given roll off value, the total reserved spectrum after 
filtering (BWtotal) for band pass filters is given by: 
BWBWtotal )1(   
‎2-20 
 
where β is the roll off value of the filter and BW is bandwidth of the pre-filtered 
signal. In this formulation, the spectral penalty due to imperfect shape of filter is equal 
to β × BW. Also note that in an ideal case with β = 0, BWtotal = BW. 
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Figure ‎2-13 Frequency response of raised cosine shaping filter with different roll off values (left), 
Impulse response of raised cosine shaping filter with various roll off values (right) 
 
The spectral penalty due to imperfect shape of anti-aliasing filter, which they are used to 
shape the outputs of OFDM coders, has impact on the spectral efficiency and 
performance of the envelope detectors based OFDM system. In this thesis, the impact of 
this parameter is studied and its results are discussed in 4
th
 chaper. 
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3 DIRECT DETECTION OPTICAL OFDM 
In DD-OFDM systems, the transmitted optical OFDM signal is detected at the 
receiver using just a single photodiode. When using DD, an optical carrier is required 
for converting the optical OFDM signal to the electrical domain [40]. The optical 
carrier, which carries no information, is inevitable in DD-OFDM scheme because it is 
mandatory at the square-law natured photo-detector for beating with the OFDM signals 
to obtain the desired OFDM signal. Since no laser is required at the receiver, the optical 
carrier has to be transmitted together with the OFDM signal. In order to ensure that the 
OFDM signal is unipolar, a sufficiently large D.C. bias has to be added to it. As a result, 
a significant portion of the total transmitted power is contained in the transmitted optical 
carrier, rather than in the OFDM signal. DD-OFDM system only detects the envelope of 
the optical signal arriving to the photo detector and requires a carrier to be sent from the 
transmitter. Alternatively, this optical carrier may be supplied at the receiver side and 
coupled with the incoming signal prior to photo-detection.  As it is already discussed in 
the 1
st
 chapter, in order to avoid confusion we use the term envelope receiver instead of 
DD receiver for the single diode plus optical source receiver which only detects the 
power (envelope) of the signal.  It has conventionally been shown that the DD-OOFDM 
performance can be optimized by equally dividing the optical power between the optical 
carrier and the OFDM sideband [18], [41]. When the single-sideband optical OFDM 
signal impinges on the square-law photodiode, intermodulation distortion products due 
to mixing of pairs of OFDM. In other words, in direct detection systems we have a 
mapping from optical power to electrical power. This mapping is performed using PD. 
Electrical current of a PD relates directly with modulus of the optical field: 
2
)()( tEti   
‎3-1 
As it is obvious from expression, this is not a linear transformation and in fact it is 
the so called non-linear optical-electrical conversion. 
In the other side, the optical field relates with the transmitted (modulated) electrical 
signal via the below equation: 
)](1[)( tmxtE   
‎3-2 
If we expand the optical field using Taylor expansion, what we get is as follow: 
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As it is obvious, the modulated signal composes of the information signal and its 
harmonics and intermodulation product of modulation signal.  To avoid this interference 
due to intermixing second order products which is called SSMF (Signal to Signal 
Mixing Interference), frequency Guard Band (GB) is introduced in DD-OFDM systems.  
 
Figure ‎3-1 Signal to Signal Mizing Interference due to squared law nature of photo diode 
 
3.1 CARRIER TO SIGNAL POWER RATIO 
The amount of power assigned to carrier with respect to data band, CSPR, is a key 
parameter in the performance of envelope detectors, as it has already been shown for the 
single-diode RH-OFDM receiver in the presence of fiber nonlinearities [16]. It is a very 
sensitive parameter since it involves how efficient detection will be and how strong 
transmission is in front of quality of the signal. Essentially the higher the OFDM band 
power is, the stronger the signal is against noise disruptions. But a high band power will 
also mean higher SSMI, which in turns means that in envelope detector systems the 
limitations on CSPR are quite strict. Mathematically CSPR is defined as: 
OFDMband
carrier
P
P
CSPR  
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where Pcarrier is the power of optical carrier and POFDMband is the power assigned to the 
OFDM band. Several studies indicate that the value of CSPR=1 is optimum [17] [18]. It 
is mathematically shown that for GB=BWOFDM the optimum value of CSPR=1 [19]. The 
average optical power for an optical field of E(n) can be written as the summation of 
Pcarrier and POFDMband.  
OFDMbandcarrieravg PPnEP  ])([
2
  
‎3-4 
where ɛ[x] stands for the expectations of x. After photo-detection, the electrical power 
Pel of the desired photocurrent Isig(n) can be expressed as: 
2222 )(
2
1
2])([ OFDMbandcarrierOFDMbandcarriersigel PPRPPRnIP   
‎3-5 
For a fixed received optical power Pavg, gives the upper bound of ‎3-5 for the electrical 
power Pel, and following the Schwartz inequality, this upper bound is achieved when 
Pcarrier = POFDMband. Thus, the optimum CSPR, which notably is obtained independently 
to the number of the data subcarriers or the QAM size, is found to be 0 dB, considering 
that the GB=BWOFDM is reserve for SSMI-free detection process. 
However, in [18] [20], they showed when the average power launched into the 
fiber increases, the optimum CSPR deviates from its unity value. In [16], they showed 
significant gain can be obtained from increasing the launched power, if the optimum 
CSPR is used and it translates into a higher number of served users in the system. In this 
thesis, we are going to investigate impact of CSPR on the spectral efficiency of the 
OFDM based envelope detector system in the context of passive optical networks 
(PONs).  
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4 SIMULATION SCENARIOS 
In this section, two different optical OFDM transmission systems which were 
considered for simulations are detailed. The first one is based on the Heterodyne 
Envelope Receiver, proposed as an affordable compromise between CO-OFDM and 
DD-OFDM receivers. The second scheme called Remote Heterodyne Direct Detection 
(RH-DD) which is based on the down-stream part of standard PON splitter-based tree 
topology architecture proposed in Accordance [21] 
4.1 Heterodyne Envelope Receiver 
Figure ‎4-1 shows the OFDM system considered. It consists on an optical IQ transmitter 
such as the one in [16], and an optical Heterodyne Envelope Receiver based on direct 
detection of the incoming signal with a local optical carrier source. While this receiver 
could be classified under the coherent kind of receivers considering the fact that it 
incorporates a local source, it does not recover the phase information, and hence from 
this view point should be considered a direct detection receiver. It may be thought of as 
a hybrid alternative with lower cost as compared to a coherent receiver, since it only 
requires a single photodiode and no optical hybrid, and better performances than a pure 
direct detection receiver. 
Figure ‎4-2 shows the optical and electrical spectra before and after photo detection 
respectively. The impact of filter imperfect-ness on the quality of the detected signal is 
shown on the figure at the right. 
The simulation details are as follows. At the transmitter, a total of 2
17
bits at 10Gbps are 
randomly generated and mapped into QPSK symbols. Then they are modulated by 
means of a 256 point iFFT having (BWdata) = 5GHz. The real and imaginary parts of the 
iFFT are independently converted into the analog domain by infinite resolution DAC. 
Afterwards a raised cosine shaping stage [21] with BW=BWdatais performed for better 
confining the spectrum. The outputs are then fed to the two branches of an optical IQ 
modulator which modulate a 100KHz line-width laser emitting at f0=193.1THz. Both 
optical sources are considered identical apart from their emission frequency [42].The 
optical data signal was then amplified to a total fixed transmitted power of 1mW and 
sent through single mode fiber (SSMF) with 0.2dB/km attenuation, 17 ps/nm.km 
dispersion coefficient and nonlinear index of 2.6*10
-16
cm
2
/W.  At the RX side, an 
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optical carrier is added to the optical signal at fe=BWdata/2+GB to allocate a GB for 
mitigating the SSMI effect in detection [21].The optical received signal and the local 
carrier are jointly detected by a single 50GHz BW PD with 0.9 A/W responsivity and 
thermal noise of 21pA/(Hz)
0.5
 [43]. After the optical detection, an RF down-conversion 
stage brings the OFDM signal back to baseband. The electrical signals are then filtered 
by a raised cosine filter with BW=BWdata similar to the shaping filter in the TX side, 
sampled and transformed to the digital domain by an infinite resolution ADC. The 
samples are then demodulated with an FFT, followed by a one-tap equalizer. The 
symbols are demapped and the BER is computed. 
 
Figure ‎4-1 Alternative scheme having heterodyne envelope receiver 
 
Figure ‎4-2 Optical spectrum before detection and electrical spectrum after optical/electrical conversion 
In order to assess the performance of the system, in the TX the OFDM data signal 
power (Pdata) was left constant, and then amplified and launched into the fiber (Point A) 
with a total optical power (PT=Pdata) which was set to 0dBm. In the RX side, the optical 
carrier with frequency (193.1THz – fe) was added to the signal using a 3dB-coupler. 
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While the OFDM data signal power was left constant at the TX side, optical carrier 
power (Pcarrier) was modified with a variable optical attenuator (VOA). The total amount 
of power PPD=0.5 (PRX+PLO) was received to the PD. Since a constant amount of power 
was injected into the fiber, PRX=1mW-Lfiber-Latt where Lfiber is the amount of power lost 
due to the fiber attenuation and Latt is the amount of attenuation applied using VOA. 
CSPR is defined as PLO/PRX, thus PPD==0.5PRX (1+CSPR). The system performance 
was measured in terms of received power (PPD) needed to FEC limit target BER of 10
-3
 
and the results are discussed in the following subsection. 
4.1.1 Results discussions 
In this subsection, we first talk about optical spectrum at different stages of the 
scenario. Then the impact of different parameters on optical spectrum is discussed. 
Impacts of different roll-off factors, different values of CSPR and different GB on 
spectrum and performance of the system are analyzed. At the end, we show that 
optimization of the CSPR parameter has great impact on decreasing frequency GB, 
considered to mitigate the effect of SSMI, and makes the system more spectrally 
efficient. 
 Let’s consider a transmission with 10Gbps rate using QPSK modulation format, a 
shaping filter with roll-off=0.1, GB=BW=5GHz and the value of CSPR=1. Optical 
spectrum of data band itself having BW=5GHz is plotted in Figure ‎4-3. As it is clear, it 
occupies 5 GHz of frequency band and due to imperfect filter (shaping filter has roll-
off=0.1) its edges are not ideally sharp. Optical spectrum of both data band and carrier 
together is plotted in Figure ‎4-4. As it is explicit in the figure, the carrier is placed 5GHz 
lower than OFDM band and it means we leave GB=BW as it is a typical in literature. 
Electrical spectrum after detecting by PD is plotted in Figure ‎4-5. It is clear that we 
have SSMI which occupies total GB that we assigned to the system. As expected, the 
SSMI power decreases as the frequency increases Figure ‎4-2 [lowery tutorial]. 
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Figure ‎4-3 Optical spectrum of data band (Point A in Figure ‎4-1) 
 
Figure ‎4-4 Optical spectrum of databand+carrier (Point B in Figure ‎4-1) 
 
Figure ‎4-5 Electrical spectrum of detected signal (Point C in Figure ‎4-1) 
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As we explained before, roll-off factor of the non-ideal shaping filters is another 
bandwidth consuming parameters of the system. As filter has larger roll-off values, it 
occupies more additional spectrum and it affects the performance of the system, as it is 
shown through simulation and it will be detailed at the end of this subsection. 
Figure ‎4-6 - Figure ‎4-9 shows the impacts of roll-off value on the additional 
bandwidth usage of the system. As roll-off values increase the band edges become 
smoother. The optical spectrum of data band itself is plotted in the left side of the 
figures and the detected version using PD is plotted in the right side of the figures. 
When roll-off=0, a totally ideal filter is available and considering CSPR=1, it is shown 
in the right side of Figure ‎4-6 that there’s no significant overlap of SSMI with the data 
band. Considering roll-off=0.15, Figure ‎4-7 shows that SSMI and OFDM band are 
mixed together due to non-ideal filter shape. By looking at Figure ‎4-8 and Figure ‎4-9, it 
is clear that as roll-off increases so does the data band which is polluted by SSMI 
severely affecting the quality of the detected signal.  
 
 
 
Figure ‎4-6 Data band in optical domain and its detected version using PD  when roll-off=0 
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Figure ‎4-7 Data band in optical domain and its detected version using PD when roll-off=0.15 
 
Figure ‎4-8 Data band in optical domain and its detected version using PD when roll-off=0.30 
 
Figure ‎4-9 Data band in optical domain and its detected version using PD when roll-off=0.70 
In fact, larger roll-off value makes data band broadened and mixes with SSMI and 
finally makes the detection process a bit challenging. One possible solution is to leave a 
bit more GB (i.e. the same amount as the spectrum which is occupied due to filter 
imperfectness (BW×β)/2). By considering this possible solution, we need to occupy 
more bandwidth losing spectral efficiency. Let us consider two different filters, an ideal 
one and another one with β=0.2 and a data band with BW=5GHz. Simulations show that 
we get same receiver sensitivity in these two cases: 
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Case 1: β=0, BW=5GHz, GB=5GHz 
Case 2: β=0.2, BW=5GHz, GB=5.5GHz 
It means that for compensating the effects of 10% larger bandwidth we need to assign 
10% more to the GB. It is worth noting that the abovementioned discussion considers 
unity CSPR. CSPR is a key parameter in DD-OFDM systems. In the state of the art, it is 
well known that unity CSPR is the best choice value when GB=BW in DD-OFDM 
systems (linear SSMI-free case with ideally sharp filter). Considering filter 
imperfectness, this is not always true and we need to modify it by having in mind the 
roll-off value of the filter. 
Figure ‎4-10 - Figure ‎4-13 shows the impact of the CSPR on the optical spectrum 
of the modulated signal and electrical spectrum of the detected signal. Left side figures 
shows the relations between amount of power which is assigned to carrier and data 
separately. Right side figures show the impact of CSPR on mitigating the SSMI. As 
CSPR increases, the SSMI power level decreases and its destructive impact on the 
detected signal is decreased. The value of the CSPR and obtained BER is written in the 
caption of each figure to give a better perception of how optimizing the CSPR gives us 
better performance from the receiver sensitivity point of view. 
 
Figure ‎4-10 (data + carrier) spectrum and detected signal by PD when CSPR=0.18. It gives us 
BER=0.2608  
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Figure ‎4-11 (data + carrier) spectrum and detected signal by PD when CSPR=1. It gives us 
BER=0.0031 
 
Figure ‎4-12 (data + carrier) spectrum and detected signal by PD when CSPR=5. It gives us 
BER=0.0007 
 
Figure ‎4-13 (data + carrier) spectrum and detected signal by PD when CSPR=25. It gives us BER=0 
In a first series of numerical experiments we assess the impact of a spectral 
limited system in terms of both GB and filter roll-off. The results shown in Figure ‎4-14 
-Figure ‎4-17 are obtained for back-to-back (b2b) transmission systems. With unity 
CSPR Figure ‎4-14 shows a large penalty reaching up to 5dB for GB=BW and roll-
off=0.1, and dramatically increasing to unacceptable values, even for an ideal filter 
(roll-off=0), when GB<BW.  
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The results in Figure ‎4-14 show the strong impact of SSMI on sensitivity values 
with unity CSPR. Since SSMI mainly depends on the amount of power allocated to the 
data band, we explored the dependence against CSPR. Figure ‎4-15 is a plot of the best 
sensitivity values found for each case using optimum value of CSPR. An improvement 
of 10.8dB in sensitivity and 25% in spectral efficiency by using an optimum CSPR 
value is achieved as compared to unity CSPR when roll-off=0.30. When roll-off=0.1 
and GB=BW, up to 9dB improvement is obtained for optimum CSPR=4 as compared to 
unity CSPR.  
 
Figure ‎4-14 Receiver sensitivity in dBm against GB/BW while unity CSPR is used 
 
Figure ‎4-15 Receiver sensitivity in dBm against GB/BW while optimum CSPR is used 
As another quality of measure Figure ‎4-16 shows the power incident on the PD 
for different values of GB. The power incident on the PD comes from:  
PPD=0.5 PRX(1+CSPR) 
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We observe a maximum 6 dB increase in the incident power for the more 
spectrally limited systems,. 
The most salient feature of the results in Figure ‎4-15 and Figure ‎4-16 is the fact 
that GB may be reduced to less than 0.85BW with optimum CSPR even with moderate 
large values of roll-off.  
Figure ‎4-17 plots the values of optimum CSPR against GB. For spectrally limited 
systems with high roll-off, large values are obtained for optimum CSPR. It means we 
need to increase the power of the carrier in spectrally limited systems for getting better 
receiver sensitivity. It is observed that for the cases with more relaxed spectral 
conditions (high GB, low roll-off) the optimum CSPR is close to unity. 
 
 
Figure ‎4-16 Power incident on the photodiode in dBm against GB/BW while optimum CSPR is used 
 
Figure ‎4-17 Optimum CSPR values against GB/BW 
Figure ‎4-18 and Figure ‎4-19 show the results for 25km of fiber. Figure ‎4-18 
shows the variations of PRX against GB/BW while CSPR=1 is used. As it is observed, 
PRX is dramatically degraded for spectrally limited systems, even for ideal filter (roll-
off=0) an unacceptable value of PRX is obtained for GB<BW. Due to 25km of fiber, 5dB 
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loss is experienced and the best value of PRX=-11dBm is obtained for unity CSPR when 
GB=1.15BW and roll-off=0.15. Figure ‎4-19 shows PRX against GB/BW while optimum 
CSPR is used. System reaches PRX=-17dBm for GB=0.85BW and roll-off=0.15 when 
optimum CSPR is used. In other words, an improvement of 6dB in receiver sensitivity 
and 30% in spectral efficiency is achieved while optimum CSPR is used instead of unity 
CSPR. 
 
Figure ‎4-18 Receiver Sensitivity in dBm against GB/BW while unity CSPR is used 
 
Figure ‎4-19 Receiver Sensitivity indBm against GB/BW while optimum CSPR is used 
4.2 Remote Heterodyne Direct Detection 
The Remote Heterodyne DD-OFDM (RT-DD-OFDM) transmission system is 
depicted in Figure ‎4-20. This scheme has been studied by [16] in order to elucidate the 
impact of fiber nonlinearity on the optimum CSPR of the system. This scheme is 
heterodyne in the sense that the data band and carrier are located at different optical data 
bands giving rise to a mixed (detected) passband signal. By contrast, in a homodyne 
system the signal data and carrier are in the same spectral band so that a mixed signal at 
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baseband is obtained.  
Since the optical carrier for the mixing is provided by the TX it takes on the 
‘remote’ label. 
 
Figure ‎4-20 Remote heterodyne direct detection OFDM scheme 
The main difference between this scheme and the HE receiver is placing the 
carrier at the TX side. By doing so, the RX is a very cheap passive device (PD) but the 
TX is a bit more complicated than the HE scheme. In the TX the OFDM data signal 
(Pdata) was left constant while the optical carrier power (Pcarrier) was modified with a 
VOA. Both signals were then amplified and launched into the fiber with a total optical 
power (PT=0.5(Pdata+Pcarrier)) which is set to 0dBm in our simulations. CSPR is defined 
as Pcarrier/Pdata and since Pdata was left constant, its modification was taken place by 
modifying the Pcarrier. Since considering fiber in the previous study did not affect the 
final results, for the sake of simplicity we decided to do simulations of this scheme only 
for back-to-back transmissions. The same as previous scheme in this one as well, both 
optical sources are considered identical apart from their emission frequency [42]. 
4.2.1 Results discussions 
A first series of results, considering three different values of roll-off factors and 
assigning different amount of spectrum as GB and setting CSPR=1 is shown in 
Figure ‎4-21. It is concluded that larger roll-off values lead to worse receiver sensitivity. 
As an example, when ideal filter is used and GB=BW, PRXremote=-16.2dBm is achieved, 
while having filter with β=0.1 and GB=BW, PRXremote=-11dBm is achieved. It means, by 
considering this non-ideal filter, the system experiences 5.2dB as power penalty. We 
can improve receiver sensitivity, if we assign a bit more spectrum as GB. However, as 
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seen in Figure ‎4-21 by having unity CSPR, reaching GB less than BW is almost 
impossible. 
 
Figure ‎4-21 Receiver sensitivity against GB/BW while unity CSPR is used 
As it is shown in the figure, even by having ideal filter, if we decrease the GB, 
PRXremote dramatically increases and the system experiences a huge amount of power 
penalty. Since reaching lower GB values with unity CSPR is not possible, optimizing 
CSPR value might be the solution.  
 
Figure ‎4-22 Receiver sensitivity against GB/BW while optimum CSPR is used 
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Figure ‎4-22 shows receiver sensitivity against GB/BW when optimum value of CSPR is 
considered for each scenario. When optimum value of CSPR is used, we can reach 
acceptable levels of receiver sensitivity with a maximum 9 dB penalty for totally 
removed GB. As more amount of GB is removed, a higher power penalty is effective. 
For GB<0.75BW the trends of curves for all three different filters follow the same 
variations. It means the impact of SSMI on the performance of the system is more 
dominant than the effect of filter imperfectness. It is also observed that the filter 
imperfectness does not allow removing the GB totally. If ideal filter is used we can 
remove GB up to 0.01BW while considering non-ideal filter we can remove GB up to 
(β×BW)/2.  
All in all, optimum CSPR has great impact on making DD-OFDM system more 
spectrally efficient at the cost of a maximum 9 dB power. Figure ‎4-23 shows the 
optimum value of CSPR which is obtained through optimization process in simulation. 
Removing more GB, requires assigning more power to the carrier than data band. When 
total GB is removed, CSPR is a bit more than two levels of magnitude larger than the 
unity CSPR. 
 
Figure ‎4-23 Optimum CSPR values against GB/BW (in logarithmic scale) 
Figure ‎4-24 shows power penalty against CSPR values. Optimum value of CSPR 
is calculated when power penalty is equal to zero. Finally a curve like the ones in 
Figure ‎4-24 shows the optimum value of CSPR in each specific simulation. 
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Figure ‎4-24 Power penalty against log10(CSPR). Each of this curve shows the total range of CSPR 
under study for obtaining the optimum value of it. These curves are obtained when ideal filter is used and GB 
is cha 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Optimum Carrier to Signal Power Ratio Evaluation for Spectrally Efficient Systems in the Context of OFDM-PONs 
5 CONCLUSIONS 
In this thesis, we studied the spectral efficiency of HE-OFDM and RH-DD-
OFDM systems. A numerical analysis of the performance of those schemes has been 
presented, revealing that through proper CSPR choice spectral limitations steaming 
from a smooth cutoff response of shaping filters may be overcome, even allowing to 
reduce the required GB to mitigate the impact of SSMI to below the BW of signal. 
Gains in sensitivity and spectral efficiency are also shown using optimum CSPR against 
the unity CSPR in HE-OFDM system, which justify the requirement of a local source 
through reduction of the electrical hardware bandwidth at the receiver side and the 
increase of the PONs power budget. Simulations for 25km of fiber show better 
performance in receiver sensitivity and spectral efficiency is achieved when optimum 
CSPR is used as compared to unity CSPR in HE-OFDM system. We thus conclude that 
the scheme studied constitutes a good alternative for OFDM PONs. 
Furthermore, gain in spectral efficiency is also shown using optimum CSPR 
against the unity CSPR in RH-DD-OFDM system at the cost of some power penalty. 
Removing total GB in RH-DD-OFDM system means almost 9dB power penalty to the 
system. Therefore, it is a trade-off between the amount of power received to the PD and 
the amount of spectrum which is required to be assigned as GB. We thus conclude that 
RH-DD-OFDM scheme studied can be used in order to reduce the bandwidth 
requirements of a receiver when sufficient power budget is available. 
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6 FUTURE LINES OF THE WORK 
Since the results of this thesis are obtained considering linear regime of optical 
fibers, evaluating the performance of the system in presence of fiber nonlinearity, 
quantifying the maximum power budget and the minimum bandwidth achievable with 
optimum value of CSPR for both types of receivers would be of interest to be studied. 
Moreover, evaluating the number of served users when both fiber nonlinearity and 
spectral efficiency of the system is investigated might be an interesting work to follow. 
And finally, experimental verification of the numerical predictions would give a 
confident and proof on what is obtained through simulations. 
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